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WO 99/29015 PCT/IB98/01624 

METHOD AND DEVICE FOR CONTROT j TMG T HE MAGNETIC 
FLUX IN A ROTATING HIGH VOTTAGK ET.FCTRTH 
ALTERNATING CURRFNT MAPHTUF. 

BACKGROUND OF THE INVENTION 

The present invention relates to a method and device for controlling the 
magnetic flux in a rotating high voltage electric alternating current machine with at 
least one auxiliary winding in the stator. 

The invention relates mainly to an electric high voltage rotating electric 
alternating current machine intended to be directly connected to a distribution or 
transmission network or power networks, operating at high, extra high and ultra high 
voltages, comprising a magnetic circuit with a magnetic core, a main winding and at 
least one auxiliary winding. Such electric machines are typically synchronous 
machines which mainly are used as generators for connection to distribution or 
transmission networks, generally referred to below as power networks. Such 
synchronous machines are also used as motors and synchronous compensators. 
The technical field also comprises double-fed machines, asynchronous machines, 
asynchronous converter cascades, outer pole machine and synchronous flux 
machines. 

When building synchronous machines with cylindrical rotors and particularly 
synchronous machines with low power factor and long rotors the cooling of the rotor 
can be a problem. 

A machine is usually designed in order to realize an economic yield from the 
electromagnetic circuit. This normally leads to generated harmonic electromotive 
forces in addition to the generated fundamental electromotive force. Third harmonic 
electromotive forces are generated mainly due to saturation effects in the machine. 
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In th gen rated harmonics third harmonic usually is the largest. 

When connecting a machine to a power network a delta/wye step-up 
transformer usually is used. This delta/wye connected step-up transformer 
effectively blocks third harmonics and multiples of third harmonics. 

When a machine is directly connected to a directly grounded power network 
without a delta/wye connected step-up transformer third harmonics and multiples of 
third harmonics may start to flow in the current machine and in the power network. 
Such third harmonics may damage the machine and equipment in the power 
network. Other problems also may occur. However, the foregoing is an example of 
one significant problem. 

It is well known that it is possible to manufacture such a machine with one or 
more extra windings in the stator. It is described for instance in SIX PHASE 
SYNCHRONOUS MACHINE WITH AC AND DC STATOR CONNECTIONS, IEEE 
Transactions on Power Apparatus and Systems, Vol. PAS-102, No. 8 August 1983. 

When manufacturing a stator with conventional insulation techniques, it is 
difficult to manufacture such a machine with a rated voltage higher than 
approximately 10-25 kV. If the stator is manufactured with two separate windings 
the rated voltage of each winding is usually the same. This is due to the 
conventional insulation technique. Therefore manufacture of a machine with 
completely different voltage levels in the windings has not been of interest. 

Furthermore, connecting electric equipment to such auxiliary winding is not 
particularly complicated, this is because the voltage seldom is higher than 
approximately 10-25 kV as noted. 

When using directly connected high voltage machines, for instance above 36 
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kV, it is desirable to have windings designed for two or more voltage levels. For 
example, separation of voltag levels allows the main winding of the machine to be 
connected to a high voltage system and to use low voltage equipment with the 
auxiliary winding. With such an arrangement the equipment connected to the 
auxiliary winding may be simpler than If this equipment was to be connected to a 
high voltage winding (i.e., High voltage equipment is often more complicated than 
low voltage equipment). 

The effectiveness of reactive power control on a power network may be of the 
utmost importance not only under normal conditions, but also during major system 
disturbances. It is often advantageous to operate the transmission parts of a power 
network with a fairly flat voltage profile, in order to avoid unnecessary reactive power 
flows; and reactive power capacity reserves available for use in connection with 
major disturbances and under generator, transformer or line outage conditions. The 
aim of the steady state voltage control is to keep the transmission bus voltages 
within fairly narrow limits, while the load transferred varies. 

The basic voltage control of a power network is provided by the large 
synchronous generators, each having its own excitation system with an automatic 
voltage regulator. The generators are used for voltage control at the terminals to 
which they are connected. Reactive power is generated or absorbed, depending on 
the load conditions. 

Transfer of reactive power from the generators to electrically remote points of 
the power network or vice versa is usually avoided under normal operating 
conditions. Generators are, however, very important as reserve sources of reactive 
power which may be needed also rather far from the generators. For example, if 
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there is a sudden loss of a main generator or a major line section, short-time 
reactive overload capability of generators may be a valuable resource on such 
occasions. 

Reactive power is present in all electric power networks that transfer 
alternating current. Many loads consume not only active power but also reactive 
power. Transmission and distribution of electric power itself results in reactive 
losses due to series inductance in transformers, overhead lines and cables. 
Overhead lines and cables also produce reactive power as a result of capacitive 
connections between phases and between phases and ground potential. 

Proper operation of an alternating current system requires agreement 
between active power production and consumption in order to obtain nominal 
frequency. An equally strong relationship exists between reactive power balance 
and voltage in the electric power network. If reactive power consumption and 
production are not balanced in a suitable manner, the result may be unacceptable 
voltage levels in parts of the electric power network. An excess of reactive power in 
one area leads to high voltages, whereas a deficiency leads to low voltages which in 
worst case can lead to a power network collapse. 

In a power network the synchronous machines are one of the most important 
producers of controllable reactive power. Production of reactive power by the 
synchronous generators is therefore vital for power network voltage control. When 
the loads in the power network are changing and the demands of active and reactive 
power changes the control equipment of the synchronous generators will change 
production of the active and reactive power from the synchronous generators. 

When the power network requires more reactive power, e.g., when the bus 
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voltag isd creasing, the control equipm nt of the synchronous generators start to 
increase th production of reactive power and vice versa. At some point, see Fig. 1 , 
the synchronous generator is not able to produce more reactive power, typically 
because the field winding reaches it's maximum allowable temperature. If the 
reactive power demand of the power network has not been fulfilled, the voltage in 
the power network may start to fall which can result in a power network collapse. 

Generators supply active power; provide the primary voltage control of the 
power network; and bring about, or at least contribute to, the desired reactive power 
balance in the areas adjacent to the generating stations. 

A generator absorbs reactive power when underexcrted; and produces 
reactive power when overexcited. The reactive power output is continuously 
controllable through varying the excitation current. 

The allowable reactive power absorption or production is dependent on the 
active power output as illustrated by the capability diagram of Fig. 1 . For short term 
operation the thermal limits can usually be overridden. 

Synchronous generators are usually rated in terms of the maximum apparent 
power load at a specific voltage and power factor which they can carry continuously 
without overheating. The active power output of the generator is usually limited to a 
value within the apparent power rating by the capability of its prime mover. Since 
the per unit apparent power is given by: 



Apparent Power = 




where P represents the per unit active power and Q represents the per unit reactive 
power, hence a constant apparent power corresponds to a circle centered on the 
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origin on a plot of reactive power versus activ power shown in Fig. 1 . 

The power factor at which a synchronous machine operates, and hence its 
armature current, can be controlled by adjusting its field excitation. The production 
of reactive power is consequently dependent upon the field current and the 
regulation of the prime mover. 

The ability to produce reactive power is limited by the field current that have a 
maximum value as determined by the so-called field heating limit, as shown In Fig. 
1. This limit can be overridden for a short term, e.g., a few seconds. The complete 
capability diagram for a synchronous generator typically includes more limits than is 
shown. 

There are several ways to enhance reactive power capability in a 
synchronous machine. One way is to enhance the cooling of the rotor; e.g., by 
introducing water cooling. This is, however, a complicated and expensive method. 

A turbo generator is often placed near the load. It is typically designed to be 
able to produce more reactive power than, for instance, a hydro generator which is 
normally located far away from the load. A consequence of greater reactive capacity 
is an increase in the rotor heat losses. Problems associated with cooling a rotor are 
related to the length and the peripheral velocity of the rotor. Consequently, for high 
speed machines with long rotors, particularly turbo machines, it is desirable to 
reduce the need for rotor cooling. 

Voltage stability is the ability of a power network to maintain steady 
acceptable voltages at all busses in the system under normal operating conditions 
and after being subjected to a disturbance. A power network is said to have 
entered a state of voltage instability when a disturbance causes a progressive and 



WO 99/29015 PCT/IB98/01624 

uncontrollable decline in voltage. Inad quate reactive power support may lead to 
voltag instability or voltage collapse, which can result in major system failures. One 
way to avoid a voltage collapse is to inject extra reactive power at appropriate places 
in the power network. 

If the generator can support the power network with overload capacity for 
reactive power for a short period of time, it is possible to take actions to avoid 
voltage collapse in such period. If these actions are taken manually, the generator 
may be required to provide the power network with overload capacity of reactive 
power for approximate 10-15 minutes. In such period the operator can make 
decisions and take steps to prevent a voltage collapse. If these decisions are made 
automatically the time requirement reduces to a few minutes. 

Significant improvements in transient stability can be achieved through rapid 
temporary increase of generator excitation. The increase of generator field voltage 
during a transient disturbance has the effect of increasing the internal voltage of the 
machine; this in turn increases the synchronizing power. 

During a transient disturbance following a power network fault and clearing of 
the fault by isolating the faulted element, the generator terminal voltage is low. The 
automatic voltage regulator responds to this condition by increasing the generator 
field voltage. This has a beneficial effect on the transient stability. The 
effectiveness of this type of control depends on the ability of the excitation system to 
quickly increase the field voltage to the highest possible value. A high-initial- 
response excitation system and high-ceiling voltages are most effective in this 
regard. Ceiling voltages are, however, limited by generator rotor insulation 
considerations. For thermal units, the ceiling voltages are limited to about 2.5 to 3.0 
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times the rated-load voltage. 

With stationary exciter systems, the DC output is fed to the field winding of 
the main generator through slip rings. This is perhaps the excitation system with the 
highest initial response performance. The time-constant for the excitation is typically 
0.4 times the machine time constant e.g., 2 -6 seconds. One drawback is that the 
slip ring needs periodic service. 

With rotating exciter systems, the need for slip rings and brushes is 
eliminated, and the DC output is directly fed to the main generator field. Such 
excitation systems may have an initial response slower than stationary rectifiers. 
However, high initial response performance can be achieved by special design of 
the AC exciter and high voltage forcing of the exciter field winding. An example of 
such system is described in T.L Dillman, J.W. Skooglund, F.W. Keay, W.H. South, 
and C. Raczkowski, A HIGH INITIAL RESPONSE BRUSHLESS EXCITATION 
SYSTEM, IEEE Trans., Vol. PAS-90, pp. 2089-2094, September/October 1971. 

In a power network, sudden load changes result in power oscillations in the 
power network. A generator and its excitation system can reduce these oscillations. 
This part of excitation control is referred to as Power System Stabilizer. Modern 
excitation systems are capable of providing practically instantaneous response with 
high ceiling voltages. The combination of high field-forcing capability and the use of 
auxiliary stabilizing signals contributes to substantial enhancement of the overall 
system dynamic performance. 

Small signal stability, as defined in P. Kundur, POWER SYSTEM STABILITY 
AND CONTROL, McGraw-Hill 1993, is the ability of the power system to maintain 
synchronism when subjected to small disturbances. In today's practical power 
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systems, the small signal stability probi m is usually one of insuffici nt damping of 
system oscillations. 

The use of power system stabilizers to control generator excitation systems is 
the most cost-effective method to enhancing the small signal stability of power 
systems. The function of a power system stabilizer is to add damping to the 
generator oscillations. This is achieved by modulating the generator excitation as to 
develop a component of electrical torque in phase with rotor speed deviations. 

There are a number of components in the power network which can be used 
to damp power oscillations. It is for instance possible to equip SVC and HVDC 
plants with supplementary control for this purpose. However, one of the most 
common ways to add damping to generator rotor oscillations is by controlling its 
excitation using auxiliary stabilizing signal(s). This control function is usually called a 
PSS (Power System Stabilizer). Figure 19, from the book "Power System Stability 
and Control" by Prabha Kundur page 767, illustrates how a block diagram of a 
generator with voltage regulator and PSS may look like. To provide damping, the 
PSS must produce a component of electric torque in phase with the rotor speed 
deviations. A logical signal to use for controlling generator excitation is the rotor 
speed deviation. If the exciter transfer function G^S) and the generator transfer 
function between field voltage (a E^) and electric torque (a TJ are pure gains, a 
direct feedback of deviation in rotor speed (a E r ) results in a damping torque 
component. However, in practice both the generator and the exciter (depending on 
its type) exhibit frequency dependent gain and phase characteristics. In the ideal 
case, with the phase characteristic of the PSS (G PSS (S))being an exact inverse of the 
exciter and generator phase characteristics to be compensated, the PSS results in a 
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pure damping torque at all oscillating frequencies. It is however difficult to design 
the PSS such that pure damping is obtained for ail frequencies, partly because the 
phase characteristics changes with system conditions. Normally, the frequency 
range of interest is 0.1 to 2.0 Hz, and the phase-lead network should provide 
compensation over this range. 

Figure 2 shows a sector of a conventional salient pole machine 1 having a 
stator 2 with an armature winding 3 and rotor 4. The rotor 4 has a field winding 6 
designed as a concentrated coil wound on a pole 7. In a turbo machine the field 
winding is distributed in slots in a solid steel rotor. A damper winding 8 is made up 
of bars embedded in slots in the pole faces, as shown, and connected to end rings 
(not shown) and are intended to damp out speed oscillations. In case actual damper 
windings are not supplied, short-circuit paths may be formed in the pole faces which 
are then made of solid Iron. 

Damper windings 8 are inactive in steady state balanced operation. The air 
gap flux has a constant amplitude at rest with respect to the poles, and no currents 
are induced in the damper. During a transient, however, the amplitude of the flux 
varies. The flux wave moves with respect to the poles, and currents, acting to 
stabilize the performance of the machine, are induced in the dampers. Transients 
caused by load changes or other disturbances such as short circuits or switching 
phenomena are more rapidly damped out when damper windings are fitted in the 
machine. 

In applications such as generators driven by combustion machines or motors 
for compressors, the torque pulsates. The machine thus has a tendency to hunt, 
and the currents in the dampers act to suppress hunting. The dampers may also 
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provide the necessary starting torque for synchronous motors and condensers. 

Unbalanced operation of the machine may induce harmonic voltage 
components in the windings of the machine. For instance, a single-phase ground 
fault will give harmonics and dangerous over-voltages may be produced because of 
resonance between the line capacitance and the line and machine inductances. 
Harmonic voltages of this kind are suppressed by dampers. 

When a rotor is equipped with a damping winding a drawback is that the rotor 
is more complicated compared with a rotor without a damping winding, see Fig. 2. 
This also makes the rotor more expensive. Another disadvantage is that the 
damping winding cannot suppress above mentioned harmonics and dangerous over- 
voltages completely. 

In the design of three-phase alternating current machines, it is desirable to 
achieve symmetrical and sinusoidal operation. In order to obtain an economic yield 
from the electromagnetic circuit, a third harmonic electromotive force is generated as 
a harmonic to the fundamental electromotive force. Under certain conditions this 
third harmonic electromotive force cause third harmonic currents to flow in the 
current machine and in the power network. 

It is well known that chording of the the stator winding may be chosen in order 
to eliminate one or more of the harmonics. It is also well known regarding current 
machines with salient poles that the shape of the electromotive force of these 
machines may be influenced and improved by choosing the design of the rotor poles 
and, especially, the shape of the pole shoes in an appropriate way. 

A total elimination of the third harmonic of the voltage, for example, by 
choosing an appropriate size for the winding step, however, results in a considerable 
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reduction, approximately 14%, of the fundam ntal frequ ncy voltage availabl for 
torque generation. This thus means only 86% utilization of the possible rated power. 
In order to avoid this reduction, the winding step is used mainly for suppression of 
the fifth harmonic whereby the reduction becomes only a few percent. Adaptation of 
the shape of the pole shoe is often used for a cost-effective reduction of the seventh 
harmonic voltage. Elimination or reduction of the harmful effects of the third- 
harmonic voltage/current must thus be performed by other methods. 

Conventional generators are usually connected to the power network via a 
delta/wye-zero connected step-up transformer. The main purpose of this 
transformer is to increase the voltage from generator level, typically in the range 10 - 
25 kV, to the voltage of the power network which can be several hundred kV. The 
delta winding of the transformer, which is connected to the generator, has the 
feature, as noted above, that it blocks third harmonic currents. 

When a machine is directly connected to the power network this third 
harmonic voltage, depending on the grounding of the generator, results in a third 
harmonic current in the power network. To reduce this third harmonic current it is 
possible to chose a high impedance generator grounding, grounding with a third 
harmonic filter or isolated neutral. When a direct grounding is required the third 
harmonic problem is not solved with the techniques described above. Furthermore, 
third harmonic filters and delta/wye-zero connected step-up transformer can be 
costly. 

For a conventional synchronous machine and for balanced system conditions, 
the air gap flux rotates in the same direction and in synchronism with the field winding 
on the rotor. During unbalanced system conditions, negative sequence current is 
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produced. Th re are a number of sources of unbalanced three phase currents to a 
machine. The most common caus s are system asymmetries (e.g., untransposed 
transmission lines), unbalanced loads, unbalanced system faults, and open circuits 
(e.g., broken conductor). The negative sequence current component rotates in the 
opposite direction from the rotor. The flux produced by this current as seen by the 
rotor has a frequency of twice the synchronous speed as a result of the reverse 
rotation combined with the positive rotation of the rotor. The skin effect of the twice 
frequency rotor current causes it to be forced into the surface elements of the rotor. 
These rotor currents can cause dangerously high temperatures in a very short time. It 
is common practice to provide protection for the generator for external negative 
sequence currents. This protection consists of a time overcurrent relay which is 
responsive to negative sequence current and usually operates by tripping the 
generator breaker. 

Referring to induction machines in general and to synchronous machines in 
particular. The rotor of a synchronous machine usually consists of electromagnets 
that under steady state conditions rotates with a speed that is proportional to the 
frequency of the current in its stator winding. The switch usually is a three phase 
winding. 

If the rotor consists of electromagnets the field winding is usually feed with dc 
power from either a static or a rotating exciter. By controlling the dc current in the 
field winding, the magnetic flux in the machine can be controlled and thus can, e.g., 
the voltage at the stator terminals be controlled. Various control functions are 
commonly included in the exciter control system such that the machine behaves in a 
way acceptable for the system. Examples of such control functions are AVR 
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(Automatic Voltage Regulator) and PSS (Power System Stabilizer). 

The following is a brief description of various subsystems encountered in a 
typical excitation control system as shown in Fig. 2A. 

1 . Exciter. Provides the dc power to the synchronous machine field 
winding, constituting the power stage of the excitation system. 

2. Regulator. Processes and amplifies input control signals to a level and 
form appropriate for control of the exciter. 

3. Terminal voltage transducer and load compensator. Senses stator 
terminal voltage, rectifies and filters it to dc quantity and compares it 
with a reference which represents a desired terminal voltage. In 
addition, load (or line-drop, or reactive) compensation may be provided, 
if it is desired to hold constant voltage at some point electrically remote 
from the generator terminal. 

4. Power System Stabilizer. Provides an additional input signal to the 
regulator to damp power system oscillations. Some commonly used 
input signals are rotor speed deviation, accelerating power, and 
frequency deviation. 

5. Limiters and protective circuits. These include a wide array of control 
and protective functions which ensures that the capability limits of the 
exciter and the synchronous machine are not exceeded. Some of the 
commonly used functions are the field-current limiter, maximum 
excitation limiter, terminal voltage limiter, voIts-peer-Hertz regulator and 
protection, and underexcitation limiter. 

6. Synchronous machine. Opening with an electro magnetically exciter 
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field. 

The invention comprises an electric machine which employs a winding in the 
form of a cable, a stator, a rotor, at least one main winding and at least one auxiliary 
winding. The main winding is connected to the power network for producing and/or 
consuming active and/or reactive power* 
SUMMARY OF THE INVENTION 

With one, or more, auxiliary windings in the stator of the machine it is possible 
to influence the magnetic flux in the machine such that the above mentioned 
problems are solved. To achieve this influence an external electric circuit is 
connected to the auxiliary winding(s). The external electric circuit is designed such 
that a suitable current flows in the auxiliary winding(s), thus influencing the magnetic 
flux. 

According to one implementation of the invention, the auxiliary winding(s) 
operate at a relatively low voltage. Accordingly, the external electric circuit comprises 
inexpensive low voltage equipment, as compared to equipment connected to the high 
voltage main winding. 

A synchronous machine is typically designed such that the thermally based 
armature and field current limits cross each other at a point in the capability diagram 
corresponding to rated apparent power and rated power factor at rated voltage. The 
turbine is typically designed such that it can provide active power corresponding to 
rated apparent power at rated power factor, i.e. the armature and field current limits 
and the turbine maximum power limit cross each other in one point. 

The auxiliary winding(s) can be used to decrease the need for a large field 
current and thus relieve the rotor of thermal stress. This can be accomplished by 
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inj cting reactive power into the auxiliary winding. 

One way to implement this would be to employ a capacitor attached to the 
auxiliary winding via a breaker. If the breaker is closed, reactive power is produced 
by the capacitor and injected into the auxiliary winding and extracted from the main 
winding. 

In such arrangement the terminal voltage of the main winding may be 
controlled by employing voltage regulator on the field winding. If the thermally based 
field current limit is reached, the capacitor on the auxiliary winding is switched in. The 
machine can then deliver the same amount of reactive power as with a conventional 
rotor design, but with a simpler rotor. 

In order to achieve smoother control, the capacitor may be divided into several 
mechanically switched parallel units. Another way to achieve smother control would 
be to replace a mechanically switched capacitor with a thyristor switched capacitor 
(TSC), static var compensator (SVC). The amount of reactive power injected into the 
auxiliary winding can in this way be continuously controlled. 

According to the Invention, by introducing an auxiliary winding in the stator, the 
magnetic flux in the machine can be controlled by controlling external equipment 
attached to such auxiliary winding. This means, for example, that the rotor circuit 
and attached control equipment in a synchronous machine can be greatly simplified. 

The auxiliary winding may also be employed to provide auxiliary power. One 
implementation employs series connected AC/DC DC/AC converters with an energy 
store (e.g., batteries) connected to the DC bus bar or node. The converter may be 
used for controlling the voltage at the auxiliary voltage bus bar at all times and for 
delivering active power to the load connected to the auxiliary bus bar at rated 
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frequency. In addition th converter closest to the auxiliary winding can be controlled 
such that it inj cts reactive pow r or xtracts reactive power from the AC side into 
the auxiliary winding. 

Other implementations include machines equipped with two auxiliary windings. 

According to the aspects of the Invention hereinabove discussed, the design 
of the rotor can be simplified and made less expensive. 

A characteristic feature of a power network tending towards voltage collapse 
is that synchronous generators in a region hit their respective limits for reactive power 
production, either by hitting the field current limit or the armature current limit, see 
e.g. Section 2.2.3 in CIGRE report "Criteria and Countermeasures for Voltage 
Collapse." In such an emergency situation the machines are usually allowed to 
exceed these limits for a period of time, depending on the time constants for heating 
of rotor and stator respectively. With a stator design according to the invention, the 
time constants for stator heating are large compared to the corresponding time 
constants for a conventional machine. This is mainly due to a insulation system of 
the Invention selected for the machines described herein. However, in order to take 
advantage of the larger stator time constants, it is important to make sure that the 
rotor does not overheat. With an auxiliary stator winding according to the invention, 
the auxiliary reactive power is obtained by injecting reactive power into the auxiliary 
stator winding not by increasing the field current. The auxiliary stator winding may 
have the same insulation system as the main winding and it may thus be designed to 
have similar time constants for heating. In this way the thermal problems associated 
with the rotor can be transferred to the more easily cooled stator, and the 
advantageous large time constants associated with stator can thus be fully utilized. A 
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machine according to the invention can thus b overloaded for a longer period of time 
allowing the operators of the power network time to take action necessary to prevent 
voltage collapse. Another advantage of the invention is that the production of 
reactive power may be increased without exceeding the field heating limit. 

The auxiliary winding can also be used to consume reactive power. An 
exemplary implementation may employ the inductive power of an R t L, C - circuit with 
breakers. Another preferred implementation could employ a converter operated such 
that it consumes reactive power. Yet another implementation could employ a SCV of 
TCR-type (thyristor controlled reactor). 

During a transient disturbance following a power network fault and clearing of 
the fault by isolating the faulted element, the generator terminal voltage is low. For a 
conventional generator, the automatic voltage regulator responds to this condition by 
increasing the field voltage which has a beneficial effect on transient stability. The 
effectiveness of this type of control depends on the ability of the excitation system to 
quickly increase the field voltage to the highest possible value. 

With a machine according to the invention, the high speed excitation system 
operating in the rotor circuit may be replaced by or combined with an electric circuit 
coupled to the auxiliary winding which quickly increases the voltage of the main 
winding. The electric circuit may include an SVC. The input signal may be the same 
as for a conventional high speed excitation system. However, the system working 
through the auxiliary winding has smaller time constants than the system working 
through the field or rotor. Further, the insulation system of the Invention employed in 
the auxiliary winding is capable of withstanding a high balanced fundamental 
frequency overvoltage, partly because it is dimensioned to withstand ground faults in 
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th xternal circuit and partly because the insulation system is capable of 
withstanding high fundamental frequency overvoltages for several minutes. This 
allows for a high maximum in ceiling voltage. In other words, the system working 
through the auxiliary winding quickly affects the voltage of the main winding. 

Dynamic braking uses the concept of applying an artificial electric load during 
a transient disturbance to increase the electrical power output of machines and 
thereby reduce rotor acceleration. One form of dynamic braking involves the 
switching in of shunt resistors for about 0.5 seconds following a fault to reduce the 
accelerating power of nearby machines and remove the kinetic energy gained during 
the fault. Bonneville Power Administration (BPA) has used such a scheme for 
enhancing transient stability for faults in the Pacific Northwest; the brake consists of a 
1400 MW, 240 kV resistor. 

With a machine according to the invention, active power may be extracted 
from the auxiliary winding in case of a disturbance in the power network connected to 
the main winding. Power extraction reduces the accelerating power and thus 
reduces the rotor acceleration. In one implementation a resistance is connected in 
shunt to the auxiliary winding via a breaker for a selected interval. With a breaker 
switched resistance, instability is avoided on the backswing by limiting the connection 
time. Other implementations are also possible, e.g. by utilizing a thyristor controlled 
resistor. In the exemplary arrangements of the invention the voltage level is typically 
lower, implying simpler equipment. Accordingly this equipment may be used to brake 
an individual machine not a large group of machines which may be the case if the 
brake is installed in the power network. According to an advantageous 
implementation of the invention, braking may be combined with fast voltage control 
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described above because both have a beneficial effect on transient stability. 

In another application braking may be used in machines that produce peak 
power, i.e., machines that start and stop often. An electrical brake is applied after 
the mechanical torque is removed by applying a short circuit to the terminals of the 
machine. The machine is magnetized such that rated current is achieved in the 
stator winding. This current creates copper losses which results in good braking 
effect, particularly at lower speeds. In accordance with the invention it is possible to 
implement an electrical brake by applying a short circuit to the main winding terminal. 
However, it is preferred to accomplish the short circuit at the lower voltage auxiliary 
winding terminals thereby avoiding the need for high voltage equipment. Other 
possible implementations involve extracting active power from the auxiliary winding 
by employing a braking resistor or loading an energy store. 

If the machine is equipped with an auxiliary winding according to the invention, 
the conventional PSS, which operates through the field winding, may be combined 
with or replaced by a PSS operating through the auxiliary winding. In such 
arrangement a converter is controlled so that power is injected into or extracted from 
the auxiliary winding. As a result, power oscillation, seen as an oscillation in air gap 
torque, is reduced or eliminated, thus damping the system oscillation. A PSS 
operating through the auxiliary winding will provide a more or less pure damping for a 
broad frequency range because the gain and phase is less frequency dependent 
between the auxiliary winding and the electric torque as compared to between the 
field winding and the air gap torque. 

When a machine is connected to a power network without step up transformer 
both the power network and the machine, due to the rotating magnetic flux, will give a 
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contribution to the fault current in the machine in cas of an int rnal ground fault. 

If an int rnal ground fault occurs in the machine it can result in a high fault 
current which may damage the machine. The damage of the machine depends on 
the magnitude and the duration of the fault current. To reduce the damage in the 
machine it is desirable to reduce both the magnitude and the duration of the fault 
current. 

In a conventional generator plant this is achieved by disconnecting the 
machine from the power network as fast as possible and by controlling the field 
current such that it decreases as fast as possible in order to remove the rotating 
magnetic flux in the machine. The effectiveness of this type of reduction of the 
rotating magnetic flux depends on the ability of the excitation system to quickly 
decrease the field current. A high-initial response excitation and high-ceiling voltages 
are most effective in this regard due to the relatively high time constant for the field 
winding. Ceiling voltages are, however, limited by generator rotor insulation 
considerations. 

With a machine according to the invention with an auxiliary winding in the 
stator it is possible to reduce or cancel the rotating magnetic flux in a machine and 
thus reduce the contribution of the fault current faster than in a conventional way. 
This is due to the relatively low time constant for the auxiliary winding. The reduction 
can be accomplished by injecting a current in the auxiliary winding which is controlled 
in such a way that it produces a rotating magnetic flux in the machine that will 
superimpose on the rotating magnetic flux produced by the field winding in the rotor 
such that the resulting magnetic flux is decreased faster than in a conventional 
system. 
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Th invention can for instance be realized by connecting the auxiliary winding 
to a frequency converter that can generate a controllable current in the auxiliary 
winding. If an internal ground fault occurs in the machine, the machine is 
disconnected from the power network with a breaker. Furthermore, the frequency 
converter injects a current in the auxiliary winding such that a rotating magnetic flux is 
produced that will superimpose on the rotating magnetic flux produced by the field 
winding in the rotor such that the resulting magnetic flux is decreased faster than in a 
conventional system. 

The frequency converter may be controlled by measurement equipment via 
control signals. The measurement equipment may measure the rotor angle with a 
rotor angle measurement signal and signals from the field winding. 

When calculating and designing three-phase alternating current machines, the 
aim is normally to achieve as symmetrical and sinusoidal quantities as possible. In 
order to obtain an economic yield from the electromagnetic circuit in common types 
current machines, harmonic electromotive forces are generated as harmonics to the 
fundamental electromotive force. These harmonic electromotive forces may under 
certain conditions cause harmonic currents to flow in the current machine and in the 
power network. 

When a machine is directly connected to a power network the third harmonic 
voltage results in a third harmonic current (depends on the grounding of the 
generator ) in the power network. To reduce this third harmonic current it is possible 
to chose a high impedance generator grounding, grounding with a third harmonic 
fitter or isolated neutral. When a direct grounding is required the third harmonic 
problem is solved with the techniques described above. 
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With a machine according to the invention with an auxiliary winding in the 
stator it is possible to reduce or cancel the harmonics generated in the machine. This 
can be accomplished by injecting a current in the auxiliary winding which is controlled 
in such a way that it produces a magnetic flux in the machine that will superimpose 
on the generated harmonic magnetic flux produced by the machine such that the 
resulting harmonic magnetic flux is reduced or canceled. This will reduce or cancel 
the contribution of harmonics from the machine. 

The invention can for instance be realized by connecting the auxiliary winding 
to a frequency converter that can generate a controllable magnetic flux in the 
machine. The frequency converter is controlled in such a way that the auxiliary 
winding generates a magnetic flux which superimpose on the generated harmonic 
magnetic flux produced by the machine such that the resulting harmonic magnetic 
flux is reduced or canceled. This will reduce or cancel the contribution of harmonics 
from the machine. 

According to the invention, it is possible to run a machine equipped with an 
auxiliary winding which is exposed to external negative sequence currents. This can 
be accomplished by injecting a negative sequence current in the auxiliary winding for 
producing a negative sequence air gap flux component such that the negative 
sequence air gap flux component due to the negative sequence current in the main 
winding is canceled or reduced to the extent that dangerous rotor heating is avoided. 

According to this invention, as a consequence of an auxiliary winding in the 
stator it is possible to move the cooling problem from the hard-to-cool rotor to the 
more easily cooled stator. 

With this invention, the overload capacity is enhanced due to a choice of 
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insulation system of the main winding and the auxiliary winding. 

According to the invention, the auxiliary winding in the stator allows a faster 
control of the magnetic flux in the machine than known methods which results in 
higher initial response performance. This is due in part to the fact that the time 
constant for a winding stator is much lower than for winding in the rotor. With this 
invention it is possible to brake rotor accelerations with, to the auxiliary winding, e.g., 
breaker connected relatively low voltage resistors. 

According to the invention, with an auxiliary winding in the stator, it is possible 
to implement a PSS with more or less pure damping one of a broad frequency range. 

According to the invention, with an auxiliary winding, it is possible to faster 
reduce the contribution of an internal fault current. 

With this invention this extra winding can reduce the third harmonics in the 
generated electromotive force by superimposing an opposite third harmonic magnetic 
flux to the main magnetic flux. With this winding other harmonics also can be 
reduced in the same way. 

In an alternative embodiment, the cable which is used as a winding may be a 
conventional power cable. The earthing of the outer semiconducting layer 1 1 then 
takes place by stripping the metal shield and the sheath of the cable at suitable 
locations. 

The scope of the invention accommodates a large number of alternative 
embodiments, depending on the available cable dimensions as far as insulation and 
the outer semiconductor layer are concerned. Also embodiments with so-called cycle 
chain slots can be modified in excess of what has been described here. 

As mentioned above, the magnetizing circuit may be located in the stator 
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and/or the rotor of th rotating el ctric machine. However, the design of the 
magnetizing circuit will largely correspond to the above description independently of 
whether the magnetizing circuit is located in the stator and/or the rotor. 

As winding, a winding is preferably used which may be described as a 
multilayer, concentric cable winding. Such a winding implies that the number of 
crossings at the end windings has been minimized by placing all the coils within the 
same group radially outside one another. This also permits a simpler method for the 
manufacture and the threading of the stator winding in the different slots. 

The invention is generally applicable to rotating electric machines for voltages 
exceeding 10 kV and as high as 800 kV or higher. Rotating electric machines 
according to what is described herein are examples of rotating electric machines for 
which the invention is applicable. 

Small harmonics can be induced in the machine to be used for relay-protection 
to detect faults. For instance 100% stator protection against ground faults. 

The main voltage may be measured with an auxiliary winding. 

It is now possible to have more than one auxiliary winding in the stator. 

The magnetic flux in a machine can be controlled via an auxiliary winding for 
most types of machines, e.g., induction machines. The challenge is to achieve this 
for machines where the control of the magnetic flux traditionally is achieved through 
the field circuit in the rotor to the extent that the field control can be replaced by a 
control system working through the auxiliary winding. The description herein 
therefore emphasizes synchronous machines. However, the invention is not so 
limited and is applicable to other types of induction machines. 

This invention provides additional means for controlling the magnetic flux in 
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the machine as compared to the conventional xciter control in a conventional 
machine. This is achieved by connecting an outer electric circuit to the auxiliary 
winding(s) in the stator. The outer electric circuit is controlled such that a suitable 
current flows in the auxiliary winding(s), thus influencing the magnetic flux. It is in this 
way possible to either replace all relevant control functions typically found in a 
conventional control system working through the field winding or to combine and 
coordinate the control actions of the conventional exciter and the outer electric circuit 
according to the invention. Furthermore, it is possible to add some control functions 
which are not possible to implement when working through a field winding. Such 
functions can be dynamic breaking to reduce rotor acceleration, controlling the 
magnetic flux in order to reduce the fault current and reduce the generated 
harmonics in the machine. 
BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a plot of the synchronous generator field and armature heating limits; 

Fig. 2 is a schematic illustration of the field and winding arrangement of a 
salient pole machine having a field winding; 

Fig. 2A is a functional block diagram of a synchronous machine excitation 
control system; 

Fig. 3A is an illustration of a cable structure employed as a winding according 
to the invention; 

Fig. 3B is a schematic illustration of a part of a synchronous generator 
employing an auxiliary coil in accordance with the present invention; 

Figs. 3C-3E are schematic single line diagrams illustrating exemplary 
embodiments of the invention; 
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Figs. 4 to 17 are schematic block diagrams illustrating various control 
arrang m nts for a synchronous machine having an auxiliary winding in accordance 
with the present invention; 

Fig. 18 is a plot of the synchronous generator field and armature heating limits 
showing improvements resulting from the present invention; 

Fig. 19 is a schematic block diagram of a conventional motor control. 
BRIEF DESCRIPTION OF THE INVENTION 

In order to manufacture a machine having a magnetic circuit in accordance 
with the invention, a winding for the machine may be in the form of a flexible cable 
formed with a conductive core, a solid electrical insulation surrounding the core and 
one or more semiconducting layers surrounding the conductor and at the insulation. 
The resulting cable thus comprises a magnetically permeable, electric field confining, 
insulating winding for a high voltage machine. 

Such cables are available as standard cables for transmission lines and other 
power engineering fields of use. Initially a short description of a standard cable will 
be given in which an embodiment is described. The inner current-carrying conductor 
comprises a number of non-insulated strands. Around the strands there is a 
semiconducting inner casing. Around this semiconducting inner casing, there is an 
insulating layer of extruded insulation. An example of such an extruded insulation is 
XLPE or, alternatively, rubber such as silicone rubber, thermoplastic resins or 
crosslinked thermoplastic resins. This insulating layer is surrounded by an outer 
semiconducting layer which, in turn, is surrounded by a metal shield and a sheath. 
Such a cable will be referred to below as a power cable. 

A cable 10 intended as a winding in a rotating electric machine according to 
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the invention is shown in Fig. 3A. The cable 10 comprises a current-carrying 
conductor 11 which in an exemplary embodiment includes both non-insulated and 
insulated strands 12. Electromechanically transposed, extruded insulated strands are 
also possible. Around the conductor 11 there is an inner semiconducting layer 13 
which, in turn, is surrounded by a solid insulation layer 14. This part is surrounded by 
an outer semiconducting layer 15. The cable used as a winding in the exemplary 
embodiment has no metal shield and no external sheath. To avoid induced currents 
and losses associated therewith, the outer semiconductor may be cut off, preferably 
in the end winding, that is, in the transitions from the sheet stack to the end windings. 
Each cut-off part is then connected to ground, whereby the outer semiconductor will 
be maintained at, or near, earth potential along the entire cable length. This means 
that, around the extruded insulated winding at the end windings, the contactable 
surfaces, and the surfaces which are dirty after some time of use, only have negligible 
potentials to earth, and they also cause negligible electric fields. 

Fig. 3B illustrates a part of rotating electric machine 20. The design of the 
magnetic circuit as regards the slots and the teeth, respectively, are important. The 
slots should connect as closely as possible to the casing of the coil sides. It is also 
desirable that the teeth at each radial level are as wide as possible. This is important 
to minimize the losses, and the magnetization requirement of the machine. 

It should be understood that the machines described herein may be single or 
multi-phase machines. Such machines may have zigzag, delta, or Y-connected 
windings in accordance with known techniques. Such windings may thereafter be 
connected to control circuits described hereinafter. 

With the cable 10 described above, there are many possibilities of being able 
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to optimize the magnetic core. For example, a magnetic circuit in the stator of a 
rotating lectric machine 20 is referred to. Fig. 3B. The embodiment shows an axial 
end view of a sector/pole pitch 21 of the machine 20 according to the invention. The 
rotor with the rotor pole is designated 22. In conventional manner, the stator is 
composed of a laminated core of electric sheets successively composed of sector- 
shaped sheets. From a yoke portion 23 of the core, located at the radially outermost 
end, a number of teeth 24 extend radially inwards towards the rotor. Between the 
teeth there are a corresponding number of slots 25. The use of cables 26 of the type 
as described above permits the depth of the slots for high-voltage machines to be 
made larger than what is possible according to the state of the art. The slots 25 have 
a cross section tapering towards the rotor 22 since the need for cable insulation 
becomes less with for each winding layer towards the air gap, assuming that the low 
voltage part of the winding is placed closest to the air gap. As is clear from the figure, 
the slot comprises a circular cross section 27 around each layer of the winding with 
narrower waist portions 28 between the layers. Such a slot cross section may be 
referred to as a so-called cycle chain slot. In the embodiment shown in Fig. 3B, the 
machine has a main winding 29 and an auxiliary winding 30. The windings are 
formed of interconnected cables with different dimensions depending on the cable 
insulation used. For example, the machine winding 29 is arranged in correspondingly 
dimensioned main winding sections 29A, 29B, 29C. The auxiliary winding 30 is 
shown as having a single dimension although if desired, multiple dimension cable 
may be utilized. In the embodiment shown a modified cycle chain slot is employed. 
Figure 3B also shows that the stator tooth can be shaped with a practically constant 
radial width along the depth of the slot. 
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In the exemplary embodiment the windings 29A, 29B, 29C may b a single 
main winding 29 or separate voltage level windings designated as A, B and C. The 
auxiliary winding 30 may be a flux control winding according to the invention. In 
addition, the auxiliary winding 30 may be used for auxiliary power generation if 
desired. The auxiliary windings 30 may be a low voltage winding allowing for the use 
of supplemental equipment. It should be understood that other winding arrangements 
may be used for flux control. 

Fig. 4 illustrates an exemplary high voltage generator 20 according to the 
invention having a main winding 29 and an auxiliary winding 30. The main winding 29 
is coupled between a ground G and ground equipment 31 and a high voltage line 32 
via a breaker 33. The line 32 may be a high voltage network or transmission line. 
The auxiliary winding 30 is coupled to a control network 34 which is capable of 
producing at least one of phase, amplitude and frequency variations in the magnetic 
flux in the machine via auxiliary winding 30. 

The following is a brief description of various subsystems as shown in Figs. 
3C-3E. 

1 . Exciter. Provides the dc power to the synchronous machine field 
winding, constituting the power stage of the excitation system. 

2. Regulator. Processes and amplifies input control signals to a level and 
form appropriate for control of the outer electric circuit (and exciter where 
appropriate). 

3. Terminal voltage transducer and load compensator. Senses stator 
terminal voltage, rectifies and filters it to dc quantity, and compares it with a reference 
which represents a desired terminal voltage. In addition, load (or line-drop, or 
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reactiv ) compensation may be provided, if it is desired to hold constant voltage at 
some point electrically remote from the generator terminal. 

4. Power System Stabilizer. Provides an additional input signal to the 
regulator to damp power system oscillations. Some commonly used input signals are 
rotor speed deviation, accelerating power, and frequency deviation. 

5. Limiters and protective circuits. These include a wide array of control 
and protective functions which ensures that the capability limits of the exciter, the 
outer electric circuit and the synchronous machine are not exceeded. Some of the 
functions are the field-current limiter, maximum excitation limiter, main winding 
terminal voltage limiter, auxiliary winding terminal voltage limiter, stator main winding 
current limiter, stator auxiliary winding current limiter, volts-per-Hertz regulator and 
protection, and underexcitation limiter. 

6. Synchronous machine according to the invention with at least one 
auxiliary winding. 

7. Outer electric circuit Controls the current in the auxiliary winding such 
that the required influence of the magnetic flux is achieved. 

Fig. 3C shows an exemplary embodiment of the invention where the magnetic 
flux in the machine is controlled by the field winding in the rotor via the exciter (1) and 
by the auxiliary winding in the stator via the outer electric circuit (7). The exciter (1) 
and the outer electric circuit (7) is controlled by the regulator (2) in a coordinated 
fashion. With this invention the exciter (1) and the rotor can be simplified. 

Fig. 3D shows an exemplary embodiment of the invention where the magnetic 
flux from the field winding is constant, since the exciter (1) provides the field winding 
with constant current. The control of the magnetic flux in the machine is achieved by 
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the regulator via the outer electric circuit (7) connected to the auxiliary winding. With 
this invention the exciter (1) and the rotor can be simplified. 

Fig. 3E shows an exemplary embodiment of the invention where the 
synchronous machine (6) is assumed to have a salient pole rotor. The field winding 
and the exciter can in this situation be removed. The saliency of the rotor implies that 
the rotor will be subjected to a reluctance torque. Without control action from the 
outer electric circuit (7), the machine would be underexcited. However, with control 
action from the outer electric circuit (7), the flux in the machine can be controlled via 
the regulator (2). The rotor is in this case obviously greatly simplified. 

As mentioned above, if the air gap flux is controlled from an auxiliary winding in 
the stator in a synchronous machine, other control objectives can be achieved than if 
the air gap flux only is controlled from the rotor. This is, for instance, the case if the 
auxiliary winding is a three-phase winding which can be controlled in an 
unsymmetrical way. 

In Figure 4 the external circuit may comprise a passive, and if desirable, 
controllable R, L,C - circuit 34 including one or more passive elements such as 
resistors, capacitors and inductors connected in various arrangements such as 
zigzag, delta or wye. The R,L,C - circuit 34 may also comprise breakers, thyristors or 
other types of semiconductor power switches. A possible connection to ground is 
shown schematically. 

In a circuit comprising a capacitor connected to the auxiliary winding 30 the 
machine 20 is able to produce extra reactive power and give an extra contribution of 
reactive power to the high voltage power network 32. If the circuit 34 connected to 
the auxiliary winding 30 comprises a inductor the machine 20 is able to consume 
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reactive power. If the circuit 34 conn cted to the auxiliary winding 30 comprises a 
resistor the machine 20 is able to consume active power, and will thus generate a 
braking/damping torque to the machine. 

Figure 5 shows another exemplary embodiment of the invention where the 
machine 20 is connected to high voltage power network 32 and the auxiliary winding 
30 is connected to a four quadrant frequency converter 36. In the figure the 
frequency converter 36 includes an AC/DC converter 37 and a battery 38 as an 
energy store. Such an energy store can also be a capacitor or another component 
that can store energy. The AC/DC converter 37 may be a four quadrant pulse width 
modulated converter (PWM). Other types of converters are also possible. 

With this invention it is possible to continuously and quickly affect the 
interchange of active and reactive power between the AC/DC converter 37 and the 
auxiliary winding 30. The AC/DC converter 37 can be made responsive to both 
balanced and unbalanced three-phase quantities. 

Figure 6 shows another embodiment of the invention, similar to the 
configuration shown in Fig. 5 but with the addition of a breaker 39 connected to an 
R, L, C - circuit 40 which, in turn, is grounded. 

With this embodiment of the invention it is possible to switch the passive R, L, 
C - circuit 40 to make slower discrete steps in the interchange of active and reactive 
power between the auxiliary winding 30 and said R, L, C - circuit 40 and to use an 
AC/DC converter 37 and an energy store 38 to make the faster continuos 
interchange. 

Figure 7 shows another embodiment of the invention similar to the 
embodiment shown in Fig. 5 but wherein the auxiliary winding 30 is connected to an 
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auxiliary pow r n twork41 via an AC/DC convert r 37A, an energy store 38 and a 
DC/AC converter 37B. Both of the converters can be four quadrant converters, e.g. 
PWM converters. 

With this embodiment of the invention it is also possible to use the auxiliary 
winding 30 to feed the auxiliary power network 41 with power at rated voltage and at a 
frequency within prescribed tolerances via the AC/DC converter 37A, the energy store 
38 and the DC/AC converter 37B. 

Figure 8 shows another embodiment of the invention similar to the 
arrangements shown in Figs. 6 and 7. With this embodiment of the invention a 
combination of the advantages shown in Fig. 6 and Fig. 7, already described, is 
achieved. 

Figure 9 shows another embodiment of the invention similar to the invention 
shown in Fig. 8, but wherein the auxiliary power bus bar 41 is connected to the high 
voltage power network 34 via a transformer 42. With this embodiment of the 
invention it is possible to continuously feed the energy storage 38 by the high voltage 
power network 41 via said transformer 42. 

Figure 10 shows another embodiment of the invention similar to the 
arrangement shown in Fig. 7 with the auxiliary windings 30A ( 30B and an additional 
AC/DC converter 37C. In this embodiment of the invention, the control equipment 
may be simpler because each auxiliary winding 30A and 30B may be dedicated to 
separate tasks, e.g., controlling magnetic flux in the machine and providing auxiliary 
power. 

Figure 11 shows another embodiment of the invention similar to the invention 
shown in Fig. 7 with the addition of measurement equipment 46. In the figure, the 
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field winding 44 and fi Id winding equipment 45 is also shown. A control signal 47 
from th field winding equipment 45 and a control signal 48 from rotor angle 
measurement signal 49 supply measurement equipment 46 which, in turn, produces 
control signals 50 which control converter circuits 52. Other control signals can also 
be measured. With this embodiment of the invention it is possible to use the 
auxiliary winding 30 to reduce the fault current in the case of an internal fault. 

Figure 12 shows another embodiment of the invention similar to the 
arrangement shown in Fig. 7 with the addition of a transformer 52 and measurement 
equipment 54. In this arrangement the measurement equipment 54 measures 
generated harmonics from the main winding 29 of the machine 20 via the transformer 
54. Signals 56 from measurement equipment 54 control converter circuits 52 which 
operate as a frequency converter. Other control signals can also be measured. With 
this embodiment of the invention it is possible to use the auxiliary winding 30 to 
reduce the generated harmonics from the machine 20. 

Figure 13 shows another embodiment of the invention where the machine 20 is 
connected to a high voltage power network 34 with a breaker 58 and series 
connected capacitor 60 connected in shunt from the auxiliary winding 30 to ground. 
With this embodiment of the invention it is possible to use the auxiliary winding 30 
and the capacitor 58 to produce extra reactive power and give an extra contribution of 
reactive power to the high voltage power network 32 when the breaker 58 is closed. 

Figure 14 shows another embodiment of the invention similar to the 
arrangement shown in Fig. 13 with the addition of a number of breakers 58A, 58B 
and 58C and connected capacitors 60A f 60B and 60C. The multi-phase circuits 
comprise series connected breakers 58A, 58B, 58C and corresponding capacitors 
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60A, 60B and 60C, representing phases A, B and C. Thes circuits may b 
connected in Delta and Y configurations. With this embodiment of the invention, it is 
possible to use the auxiliary winding 30 and the capacitors 58A-58C to produce extra 
reactive power and to provide an extra contribution of reactive power to the high 
voltage power network 32. Due to the breakers 58A-58C the contribution of reactive 
power may be made in discrete steps. 

Figure 15 shows another embodiment of where the auxiliary winding 30 is 
connected via a breaker 58 to a static var compensator (SVC) 62 of the TSC-type or 
TCR-type. In this embodiment of the invention it is possible to use the auxiliary 
winding 30 and the SVC 62 to produce extra or consume reactive power and thus 
contribute with extra capability of injecting and exchanging reactive power from the 
power network 32. The SVC 62 allows the change of this contribution of reactive 
power to be made continuously as compared than if breakers are used as a switching 
element. 

Figure 16 shows another embodiment of the invention where the auxiliary 
winding 30 is serially connected to a breaker 58 and resistor 64. With this 
embodiment of the invention it is possible to use the auxiliary winding 30 and resistor 
64 to electrically brake the machine 20 when the breaker 58 is closed. 

Figure 17 shows another embodiment of the invention where the auxiliary 
winding 30 is connected to a thyristor 66 controlled resistor 64. With this embodiment 
of the invention it is possible to use the auxiliary winding 30 with the thyristor 66 
controlled resistor 64 to electrically break the rotor speed. 

Figure 1 8 illustrates a plot similar to Fig. 1 in which the field heating limit 70 
according to a conventional rotor design (e.g., Fig. 1) may be improved (e.g., Fig. 18) 



-36- 



WO 99/2901 5 PCT/IB98/01624 

to result in a new field h ating limit 72 according to the invention. Th vertical line 74 
represents an exemplary turbine machine power limit as it relates to the armature 
heating limit 76. The reactive power difference between the respective conventional 
and new field heating limits 70 and 72, illustrated by the bracketed quantity 78, 
represents the reactive power injected via the auxiliary winding of the invention. It is 
possible to vary the active and reactive power injected and consumed by varying the 
flux as hereinabove described. 

Figure 19 shows a block diagram representation of a conventional control with 
an automatic voltage regulator (AVR) and power system stabilizer (PSS). The 
conventional system is complex, expensive and difficult to manage. 

While there has been provided what are considered to be exemplary 
embodiments of the invention, it will be apparent to those skilled in the art that various 
changes may be made therein without departing from the invention. It is intended in 
the appended claims to cover such changes and modifications as fall within the true 
spirit and scope of the invention. 
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I claim: 

1 . A rotating electric machine for high voltag comprising a stator, a rotor, and 
at least two windings, wherein at least one of said windings comprises a main winding 
for connection to a power network for at least one of producing and consuming 
power and at least one of the windings comprises an auxiliary winding for controlling 
the magnetic flux in the machine, and at least one of said windings comprises a cable 
including at least one current-carrying conductor and a magnetically permeable, 
electric field confining insulating cover surrounding the conductor, said cable forming 
at least one uninterrupted turn in the corresponding winding of the machine. 

2. The rotating electric machine of claim 1 , wherein the cable comprises at 
least one semiconducting layer surrounding the conductor 

3. A rotating electric machine according to claim 2, wherein said at least one 
semiconducting layer has substantially the same coefficient of thermal expansion as 
the insulating layer. 

4. The rotating electric machine according to claim 1, wherein said cover 
comprises an insulating layer surrounding the current-carrying conductor and an outer 
layer surrounding the insulating layer having semiconducting properties for producing 
an equipotential field confining surface. 

5. A rotating electric machine according to claim 4, wherein the cable further 
comprises an inner layer between the current-carrying conductor and the insulating 
layer having semiconducting properties. 

6. A rotating electric machine according to claim 4, wherein the outer layer 
forms an equipotential surface surrounding the conductor. 

7. A rotating electric machine according to claim 5, wherein the inner and 
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outer layers have corresponding contact surfaces and are secured to the adjacent 
insulating layer along the length of each corresponding contact surface. 

8. A rotating electric machine according to claim 4, wherein the outer 
semiconducting layer is connected to a selected potential. 

9. A rotating electric machine according to claim 8, wherein the selected 
potential is earth potential. 

10. A rotating electric machine according to claim 4, wherein each winding is 
connectable to a separate potential. 

1 1 . A rotating electric machine according to claim 4, wherein the cable is 
flexible. 

12. A rotating electric machine according to claim 5 ( wherein the current- 
carrying conductor comprises a first plurality of insulated strands and at least one 
uninsulated strand in electrical contact with the cover. 

13. A rotating electric machine according to claim 1 , wherein the cover has 
conductivity sufficient to establish an equipotential surface around the conductor. 

14. A rotating electric machine according to claim 1, further comprising means 
coupled to the auxiliary winding for selectively adding and removing power from the 
machine. 

15. The rotating electric machine of claim 1 , wherein the power is at least one 
of active power and reactive power. 

16. The rotating electric machine of claim 1 , further comprising control means 
coupled to at least the auxiliary winding for controlling at least one of the phase, 
amplitude and frequency of the magnetic flux in the machine. 

17. A rotating electric machine according to claim 1, further including at least 
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one invert r/converter and a DC energy storage means coupled to the auxiliary 
winding. 

18. A rotating electric machine according to claim 1, further including a 
transformer coupled between an output of the main winding and the auxiliary winding. 

19. A rotating electric machine according to claim 1, including an RLC circuit 
coupled to the auxiliary winding. 

20. A rotating electric machine according to claim 19, including at least one of 
three-phase resistor, inductances and capacitors in the RLC-circuit being connected 
in Yor delta. 

21. A rotating electric machine according to claim 19, wherein the RLC circuit 
includes switch means for selectively switching the RLC for controlling the magnetic 
flux in the machine. 

22. A rotating electric machine according to claim 21 , wherein the switch 
means comprises at least one of a breaker, a semiconductor power switch and a 
thyristor. 

23. A rotating electric machine according to claim 1 , further including a second 
auxiliary winding. 

24. A rotating electric machine according to claim 23, further including at least 
one inverter for each auxiliary winding. 

25. A rotating electric machine according to claim 20, wherein the reactive 
means comprises at least one capacitor and a corresponding switch coupled to the 
auxiliary winding. 

26. A rotating electric machine according to claim 1, further comprising a 
resistor switchably connected in at least one of shunt, delta and Y with the auxiliary 
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winding. 

27. A rotating electric machine according to claim 26, wherein the switch 
means comprises at least one of a breaker, a semiconductor switch and a thyristor. 

28. A rotating electric machine according to claim 1, further comprising a field 
winding in operative relationship with the main winding and sensor means for sensing 
the condition of the field winding and means coupled to the auxiliary winding 
responsive to the condition of the field winding for injecting reactive power in said 
auxiliary winding. 

29. A rotating electric machine according to claim 1, further comprising sensor 
means coupled to the main winding for producing an output and means coupled to 
the auxiliary winding responsive to the output for injecting or extracting power in the 
auxiliary winding. 

30. A rotating electric machine according to claim 1, wherein the auxiliary 
winding is located in at least one of the rotor and stator and further comprising means 
controlling at least one of phase, amplitude and frequency of the flux of the machine. 

31. A rotating electric machine according to claim 1 , wherein the main winding 
and the auxiliary winding are located in the stator. 

32. A rotating electric machine according to claim 1, wherein at least one 
stator winding is a three-phase winding. 

33. A rotating electric machine according to claim 1, including multiple phase 
windings and wherein each phase is individually controllable for compensating for 
unbalanced loading of the main winding. 

34. A rotating electric machine according to claim 1, wherein the rotor 
comprises a field winding. 
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35. The rotating electric machine of claim 34, furth r comprising means for 
controlling the field current to thereby control the flux of the machine. 

36. A rotating electric machine according to claim 37, further comprising 
sensor means coupled to the main winding for producing an output and means 
coupled both to the auxiliary winding and the field winding responsive in a 
coordinated fashion to the output for controlling the magnetic flux in the machine. 

37. A rotating electric machine according to claim 1 , wherein the rotor 
comprises a short circuited winding. 

38. A rotating electric machine according to claim 1 , wherein the auxiliary 
winding also produces auxiliary power. 

39. A rotating electric machine according to claim 1 7, wherein the 
inverter/converter is a four quadrant converter/inverter. 

40. A rotating electric machine according to claim 29, wherein the sensor 
means senses the main winding terminal voltage and the means coupled to the 
auxiliary winding are such that reactive power can be injected or extracted from the 
auxiliary winding such that the main winding terminal voltage is kept at desired 
magnitude. 

41 . A rotating electric machine according to claim 29, wherein the sensor 
means senses power oscillations in the power network and the means coupled to the 
auxiliary winding are such that power can be injected or extracted from the auxiliary 
winding such that the oscillations in the air gap flux are reduced or eliminated. 

42. A rotating electric machine according to claim 29, wherein the sensor 
means senses an internal fault in the machine and the means coupled to the auxiliary 
winding are such that reduction of the magnetic flux in the machine in order to reduce 
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the fault current can b accomplished if appropriate. 

43. A rotating lectric machine according to claim 29, wherein the sensor 
means senses the harmonic content of the magnetic flux in the machine and the 
means coupled to the auxiliary winding are such that magnetic flux components can 
be produced via the auxiliary winding such that the resulting magnetic flux has a 
reduced or eliminated harmonic content. 

44. A rotating electric machine according to claim 29, wherein the sensor 
means senses a disturbance in the power network and the means coupled to the 
auxiliary winding are such that dynamic braking to reduce rotor acceleration can be 
accomplished if appropriate. 

45. A rotating electric machine according to claim 29, wherein the sensor 
means senses unbalanced phase currents in the main winding and the means 
coupled to the auxiliary winding are such that unbalanced currents can be injected in 
the auxiliary winding such that substantially only positive sequence magnetic flux 
remains in the machine. 

46. The machine of claim 1 , wherein the main winding comprises said 

cable. 
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